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BORON CROSS SECTIONS AS A SOURCE OF DISCREPANCY FOR
CAPTURE CROSS SECTIONS IN THE KEV REGION*
by Donald Bogart

Lewis Research Center

SUMMARY

Discrepancies in capture cross sections for gold from 80 to 200 keV are explained by
changes in boron (na) cross sections used to monitor neutron fluxes. These changes in
boron cross sections are shown to improve agreement in capture data for iodine, indium,
silver, antimony, and tantalum. Reexamination of the boron cross section measurements
discloses that a modified long counter with considerable loss in efficiency below 200 keV
had been used, but its response had been taken to be flat. Boron cross sections, cor-
rected for long counter efficiency, depart significantly from an inverse neutron velocity
variation (1/v) above ~80 keV.

INTRODUCTION

A well-known and frequently discussed dilemma has been the apparent disagreement
in the various measurements of neutron radiative capture cross sections in the keV region
(refs. 1to 3). Summarizing a recent symposium, Batchelor (ref. 4) has called attention
to the particularly large discrepancies in the capture cross sections for gold and recom-
mended objective studies of these data. Discrepancies for gold are larger than observed
for other elements and are more obvious because of the greater overlap in energy region
explored by various methods that have used the Bichsel and Bonner (ref. 5) cross section
values for boron to monitor neutron flux. For example, the large fund of capture cross
sections obtained by Gibbons et al. (ref. 6) with the liquid scintillator tank were measured
by using the Blo(na l)Li7* cross section values below ~160 keV to monitor flux and simi-
larly, the activation data obtained by Cox (ref. 7) have used the Blo(na)Li7, Li’" Cross
sections below 200 keV to monitor flux.

Other methods independent of boron have been used (refs. 8 and 9) which provide
gold cross sections that for the same energies lie in between the two sets based on boron.

*Presented at Conference on Neutron Cross Section Technology, Washington, D.C.,
March 22-24, 1966.



Inasmuch as all of the experimental procedures have been studied and the discrepancies
cannot be ascribed to experimental inadequacies, physical significance must be attributed
to these deviations. The question asked here is whether there exists physically plausible
corrections to the boron cross sections such that the differences in the gold capture data
from 20 to 200 keV are reconciled.

Capture cross sections for gold are presented, and boron cross sections are inferred
such that the discrepancies for gold are removed. The resulting energy variation of the
boron cross section is used to adjust the scintillator capture tank data (ref. 6) for iodine,
indium, silver, antimony, and tantalum. The consistent improvement in agreement of
capture data for these isotopes is presented. A probable source of the capture data dis-
crepancies is traced to the boron cross section measurements of reference 5 where a
modified long counter had been used whose response function had been taken to be flat but
which is believed to have an efficiency that decreases considerably for energies below
200 keV.

CAPTURE CROSS SECTIONS FOR GOLD

The manifold capture cross-section data for gold have been illustrated and discussed
by Gibbons (ref. 3). Inasmuch as what is being sought is evidence for systematic incon-
sistencies in the capture cross sections for gold and other isotopes that may be caused by
methods of measurement employing boron as neutron flux monitor, no attempt is made at
an evaluation of data. Much of the available data for gold are shown in figure 1. The
solid curve represents what is tentatively taken to be the **true!' capture cross section.

The activation data of Johnsrud, et al. (ref. 10) above 150 keV, the scintillator tank
data of Diven, et al. (ref. 11) above 175 keV, and the activation data of Cox (ref. 7T)
above 200 keV have used the U235 fission cross sections as evaluated by Allen and Henkel
(ref. 12) to monitor fast neutron fluxes. Relative cross sections were placed on an abso-
lute basis by Diven by using the known capture plus fission cross section of U235 asa
reference. Cox employed absolute y-counting and used the U235 fission cross section
above 200 keV as an absolute reference; for measurements below 200 keV, Cox employed
the Blo(na)L'17, Li'" cross sections (ref. 5) to monitor neutron flux and the relative cross
sections from 30 to 200 keV were normalized to absolute values at 200 keV. Johnsrud
avoided the necessity for absolute determination of neutron flux and y-ray counting ef-
ficiencies by comparing fast and thermal neutron induced activities in the same sample.
The fast and thermal neutron fluxes were compared with a U235 fission counter.

The principal sources of capture data below 200 keV are the scintillator tank data of
Gibbons, et al. (ref. 6) for which neutron fluxes were monitored relative to the
BIO(na 1)L17* cross sections below ~160 keV. These capture data were placed on an ab-
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Figure 1. - Capture and activation cross sections for gold-197. s-Wave component calculated using radiation width I‘Y (0. 170 eV), aver-
level spacing D (17 eV), s-wave strength function So (L 5x10'4), and potential scattering cross section Opot (9 by,

solute basis by normalizing to the cross sections at 24 keV as measured by Schmitt and
Cook (ref. 13), who used the spherical shell transmission technique; a group normaliza-
tion was employed that yielded a best fit to the sphere data for gold, iodine, indium,
silver, and antimony.

Sphere transmission data are interpreted by a multiple scattering analysis that is
strongly dependent on the precision of the average total cross section as well as on the
) precision of self-shielding corrections for the unresolved resonances that are present.

Updated cross sections were reported by Schmitt (ref. 14) for gold. The new value for
the capture cross section was given as 532+60 mb at 24 keV based on a total cross sec-
tion of 13. 67+0.28 b. The largest part of the quoted uncertainty in this capture cross
section stems from the self-shielding corrections. A direct interpretation of these
sphere transmission experiments for gold by a Monte Carlo analysis (ref. 15) provides
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a value of 700£50 mb for the capture cross section. In this Monte Carlo analysis, the
average s-wave contribution is calculated by using the statistical results from slow neu-
tron resonance spectroscopy as input data. The average p-wave contribution at 24 keV is
superimposed as an energy independent capture cross section of such magnitude that the
experimental sphere transmission is satisfied. The Monte Carlo study (ref. 15) indicates
that difficulties exist with the method of interpretation of sphere transmission measure-

ments at 24 keV.
A measurement by Ponitz (ref. 16) at 30 keV by an activation method provided a value

of 598+60 mb for the capture cross section. In this experiment the Li(pn)Be7 reaction
near threshold was employed as neutron source. The neutron flux was found by absolute
determination of the activity of the Be'7 produced in the target.

Two methods that are independent of boron have been employed recently. These
methods provide gold cross sections that lie in between those of Cox and of Gibbons in the
region below 200 keV. An activation method by Grench, et al. (ref. 8) employed the
V51(pn)C r51 reaction as a neutron source. The neutron flux was determined by the Cr
activity induced in the V51 target. The gold capture rate was determined by absolute
y-counting of the gold samples. Gold cross sections also were measured by Barry (ref. 9)
by using an activation method that employed absolute y-counting of gold discs. The neu-
tron fluxes were measured by U235 fission counters that were accurately calibrated rela-
tive to the shape and magnitude of the well-known (n-p) scattering cross sections.

Two additional methods, one by Haddad, et al. (ref. 17) using a large liquid scintilla-
tor and the other by Moxon and Rae (ref. 18) using a compact scintillation gamma ray de-
tector, have been used with pulsed beam time-of-flight techniques up to ~50 keV to mea-
sure reaction rates. For these methods, absolute cross sections are dependent on the
precision of the determination of the detector efficiency and the absolute neutron flux at
the 4. 91 electron volts (eV) resonance of gold. Relative neutron fluxes to ~50 keV were
determined by assuming the Blo(na l)Lir”< to vary inversely as neutron velocity (1/v).

Finally, some capture cross sections that were measured by activation relative to
the U235 fission cross sections extend to the energy region below 200 keV. The data of
Bame and Cubitt (ref. 19) and of Miskel, et al. (ref. 20) are shown in figure 1 and are
considerably higher below 200 keV because they were based on fission cross sections
(ref. 12) for both flux monitoring and absolute reference. These fission cross sections
are subject to large uncertainties below 200 keV, and the values used are considerably
higher than presently preferred values for energies below 200 keV (ref. 21). Conse-
quently, the older data are consistently high for gold and other elements below 200 keV.

Because of the general agreement in gold cross sections above 300 keV and the pre-
cision of the Barry (ref. 9) results, the curve representing the *'true'* gold cross sec-
tion has been drawn through the Barry data down to 120 keV. This solid curve is ex-
tended smoothly into the region below 120 keV passing near the reanalyzed sphere trans-
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mission value of 700 mb at 24 keV. The curve is in good agreement with data of Gibbons,
et al. (ref. 6), Moxon and Rae (ref. 18), and Haddad, et al. (ref. 17) below 70 keV.

The dashed line in figure 1 indicates the magnitude of the s-wave component obtained
from a Monte Carlo calculation (ref. 15) using neutron spectroscopic data for which the
average parameters are listed. Comparison with the solid curve indicates a minimal
p-wave component but the probable presence of significant d- and f-wave components in
the capture cross section for gold.

A clearer picture of the pertinent cross sections for gold is shown in figure 2. The
data of Cox (ref. 7) below 200 keV have been renormalized to the data of Gibbons (ref. 6)
below 100 keV and both sets are seen to gradually depart from the solid ''true'' cross
section curve for © Au that has been drawn to join smoothly with the data of Barry
(ref. 9). Since both the Cox data and the Gibbons data used the boron capture data of
Bichsel and Bonner (ref. 5) to monitor flux, the ratios EAu/GA 4 and EA u/Au

Cox 9Gibbons
may be formed from the data of figure 2 which represents the ratio

B0’ L’

B1Oma)ri?, 1i’"

Bichsel

O Cox
3\\\ | <t Barry
N O Gibbons
o A Schmitt
Cox normalized
to Gibbons

; ~ £ Schmitt analyzed

(§ RN by Monte Carlo

%\O
1000; — S\

g 8
) ]
¢
oS
gé
?/
I

L {o

oi{ny), mb
8
¢
o
y-n
V4
/
of
/
¢

100 — Ao

gob - - a D_k
= <l\

60!

10 2 & 60 8 100 200 00 600 80 1000 2000

E., keV

Figure 2. - Capture and activation cross section discrepancies for gold-197.
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where the barred values of boron cross sections are the boron cross sections that would
make the measured gold capture data agree with the selected ''true'' values.

The ratios are shown in figure 3 and are seen to increase with energy and to imply
significantly increased values of boron cross sections above those used by Cox and
Gibbons. Because of the 10 percent estimated error in the data on which these ratios
are based, it is difficult to ascertain which of the variations shown is more correct, al-
though it seems clear that the boron cross sections can be larger than those reported by
Bichsel and Bonner. Boron cross sections are discussed later.

CAPTURE CROSS SECTIONS FOR OTHER ELEMENTS

e . . . —Au/ Au :
If the curve in figure 3 representing the cross section ratio © OGibbons 1S €OT-

rect, it should be universally applicable and should represent the ratio of the '"true'* cap-
ture cross section of any element to the cross section as measured by Gibbons et al.
(ref. 6). This ratio has been applied to the capture cross sections for many isotopes and
elements and found to improve considerably the agreement of data by the various methods
of measurement. The effects on the capture cross sections are discussed for iodine,

indium, silver, antimony, and tantalum as examples.

lodine

Capture cross sections for iodine are shown in figure 4. For the boron based data,
no region of overlap exists comparable to gold below 200 keV; however, a discontinuity
is apparent in the 100 to 200 keV region. The activation data of Johnsrud, et al. (ref. 10),
of Bame and Cubbitt (ref. 19), and of Cox (ref. 22), all of which used the U235 fission
cross sections to monitor flux, are in reasonable agreement above 200 keV. The data of
Bame and Cubbitt (ref. 19) extend down to 20 keV, and while they are in good agreement
with other data above 200 keV they are considerably higher below this energy. These data
were based on the fission cross sections compiled by Allen and Henkel (ref. 12) that are
considerably higher than recently compiled values (ref. 21).

An additional set of data by Gabbard et al (ref. 23) who used a LiGI(Eu) scintillation
crystal to measure the integral capture gamma ray rate covers the range from 25 to
500 keV. These cross sections are in very good agreement with the fission based cross
sections above 200 keV. In these experiments, the relative neutron flux was monitored
by a conventional long counter and placed on an absolute basis by comparison with the
flux due to a standard radium-beryllium source.

The principal source of capture data below 200 keV is the scintillator tank data of
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Gibbons et al. (ref. 6). These capture data have been placed on an absolute basis by nor-
malizing to the cross sections at 24 keV as measured by Schmift and Cook (ref. 13) using
the sphere transmission method. An updated capture cross section for iodine was re-
ported by Schmitt (ref. 14) as 768+90 mb at 24 keV based on a total cross section of
6.69+0. 36 b. A direct interpretation of the sphere transmission experiment for iodine by
a Monte Carlo analysis (ref. 15) indicates a value of 800+80 mb for the capture cross sec-
tion. These values are in agreement with the value of 820+60 mb obtained by Macklin

et al. (ref. 24) by absolute beta-counting a NaI(T1) crystal in conjunction with a standard
antimony-beryllium source to establish neutiron flux at the crystal.

The lower end of the solid curve from 10 to 70 keV follows the scintillator tank data
(ref. 6) passing through the value of 820 mb at 24 keV. Between 70 and 160 keV the curve
was obtained by multiplying the Gibbons data by the EAu/oélilbbons cross section ratio
curve of figure 3. The resulting curve is seen to join smoothly with the curve that follows
an average of the higher energy data. The data of Gabbard et al. (ref. 23) are in remark-
ably excellent agreement with the solid curve over the entire range of measurement from
25 to 500 keV.

The dashed line on figure 4 indicates the magnitude of the s-wave component ob-
tained from a Monte Carlo calculation (ref. 15) using neutron spectroscopic data for which
the average parameters are listed. Comparison with the solid line indicates the probable
presence of significant p-, d-, and f-wave components in the capture cross section for

iodine.

Indium

Total capture cross sections for indium are shown in figure 5(a). The activation
cross sections for formation of the 13-second and 54-minute isomeric activities of In
have been summed and are presented with the scintillator tank total capture data for nat-
ural indium. Activation cross sections measured by Grench and Menlove (ref. 25) for
the 72-second and 50-day isomeric activities of the 4.3 percent abundant In113 indicate
the total capture of In113 and In115 to be approximately equal from 0. 4 to 1. 0 MeV so
that the elemental total capture and isotopic activation data shown in figure 5(b) are di-
rectly comparable. Cox (ref. 22) and Grench (ref. 25) observed that the ratio of total-
to-b4-minute capture cross sections indicated a change in the isomer ratio with energy,
increasing from the value of 1. 15 (commonly used to normalize 54-minute activity of
In115 to total capture at low neutron energies) to a value of ~1. 6 near 200 keV.

A large discrepancy in magnitude is apparent between the scintillator tank data of
Gibbons et al. (ref. 6) and the high energy total capture data above 150 keV. The abso-
lute values of indium capture cross section measured in the scintillator tank were nor-
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Figure 5. - Total capture cross sections.

malized to capture cross sections for monoenergetic neutrons at 30 and 65 keV which, in
turn, had been group normalized to the Schmitt and Cook (ref. 13) spherical shell trans-
mission measurements for five elements. The updated capture cross section for indium
was reported by Schmitt (ref. 14) as 854+60 mb at 24 keV based on a total cross section
of 6.11%0. 18 b.

The Moxon and Rae (ref. 18) data are in good agreement with the Gibbons data. The
curve that has been drawn passes through the Moxon and Rae data, slightly above the
spherical shell transmission value, and follows the Gibbons data to ~70 keV. Between
70 and 160 keV, the curve was obtained by multiplying the Gibbons data by the
EAu Uélilbbons cross section ratio curve of figure 3 (p. 7). The resulting curve is seen
to join smoothly with the higher energy data eliminating the discontinuity above 150 keV.

Silver

Capture cross sections for natural silver are shown in figure 5(b). In the energy
region below 25 keV are shown the data of Haddad et al (ref. 17) and of Moxon and Rae
(ref. 18). Also presented is the updated sphere transmission value at 24 keV reported by
Schmitt (ref. 14) of 1127+80 mb that is based on a total cross section of 7. 85+0. 23 b.

The curve that has been drawn follows these data and the scintillator tank data of Gibbons
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et al. (ref. 6) up to 70 keV. Between 70 and 160 keV, the curve was obtained by multipy-
ing the Gibbons data by the EAu Gélilbbon g cross section ratio curve of figure 3 (p. 7).
The resulting curve is seen to join smoothly with the higher energy data of Diven et al.

(ref. 11).

Antimony

Capture cross sections for natural antimony are shown in figure 5(c). The curve
that has been drawn passes through the updated sphere transmission value at 24 keV re-
ported by Schmitt (ref. 14) of 578+45 mb that is based on a total cross section of
5. 99£0. 14 b and follows the scintillator tank data of Gibbons et al. (ref. 6) up to 70 keV.
Between 70 and 160 keV, the curve was obtained by multiplying the Gibbons data by the
EAu Uélilbbons cross section ratio curve of figure 3. The resulting curve is seen to join
smoothly with the higher energy data of Diven et al. (ref. 11).

Tantalum

Capture and activation cross sections for tantalum are shown in figure 6. The curve
that has been drawn follows the data of Moxon and Rae (ref. 18) and that of Gibbons et al.
(ref. 6) up to 70 keV. Between 70 and 160 keV, the curve was obtained by multiplying the
Gibbons data by the EAu Gélilbb ons Cross section ratio curve of figure 3. The resulting
curve is seen to join reasonably well with higher energy data of Diven et al. (ref. 11) and
of Cox (ref. 22). The fission based data of Miskel (ref. 20) have a large scatter and, as

described before, lie generally above the other data in the region from 30 to 150 keV.

PROBABLE SOURCE OF A BORON DISCREPANCY

The reactions studied by Bichsel and Bonner (ref. 5) involving the B11

B0 Lil(aa)Li’, and B1O%(na)Li’, Li'*. For detection of the
Blo(na)Li7, Lit¥ reaction, a BFg counter was located 3 centimeters from Li! or H3
targets that served as (pn) neutron'sources. The means by which the relative neutron
'7’ Lit*
However, the neutrons from the Li7(ozn)B10 reaction that was studied were detected with
a modified long counter. Direct inquiry confirmed that this modified long counter had

compound
nucleus were Li7(an)

fluxes were monitored for the Blo(na)Li measurements was not stated explicitly.

been used in both the measurement of differential Li7(an) cross sections and for monitor-

T 5 .T*

ing relative neutron fluxes in the Blo(na)Li ,Li’ studies. The efficiency of this modi-
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Figure 6. ~ Capture and activation cross sections for tantalum-181.

fied long counter had been presumed to be flat with energy. Absolute boron cross sec-
tions were obtained by normalizing the cross section at 20 keV to a value calculated from
the boron cross section at thermal energies and assuming a 1/v law to apply.

For a description of the modified long counter used, Bichsel referred to Bonner et al.
(ref. 26) from which the following is quoted:

The neutron detector used was a modified long counter with a paraffin moder-
ator 5 inches in diameter and 5 inches long surrounding a BF3 counter which
was 1 inch in diameter and extended to the front surface of the paraffin. This
smaller and more compact counter was used in place of a long counter so that
considerable angular resolution could be obtained with the counter in a position
such that its paraffin face was only 5 inches from the target. Under such geo-
metrical conditions the background counts were small in comparison to the

12



counts from thin targets of the elements that were investigated. The modified
long counter does not have an exactly flat response, independent of neutron
energy; its efficiency for counting 4-MeV neutrons is only 60 percent as great
as for 1-MeV neutrons.

This modified long counter deviates considerably from a conventional long counter
(ref. 27) in both size and response. If the calibration curve for this modified long counter
were available, the boron cross sections reported by Bichsel and Bonner could be placed
on an absolute basis.

The energy variation of the efficiency of *'long counters'' is strongly dependent on
the amount of paraffin surrounding the BF3 counter. In fact, a double-walled moderated
BF3 detector was developed for measuring fast neutron dose and flux by DePangher
(ref. 28) that exploits the differences in detector sensitivity at various neutron energies.
A large loss of efficiency for neutrons below 1 MeV was observed for both of these spe-
cially moderated BF3 detectors.

The modified long counter in question also has been used in a counter-ratio method
for the purpose of measuring neutron thresholds as discussed by Marion (ref. 29). This
method is also described by Brugger et al (ref. 30) and involves the simultaneous use of
two BF3 counters: one embedded in a paraffin cylinder 5 inches in diameter and 5 inches
in length (modified long counter) and the second surrounded by a ring of paraffin 1/2 inch
thick and 2 inches in length (slow counter). Both counters are placed at 0° with respect
to the direction of the proton beam and subtend approximately the same solid angle at the
target. The geometrical arrangement is shown in figure 7.

The efficiency of the two counters was determined simultaneously by observing the
counting rate in each of the counters as the energy of the beam of protons striking a LiF
target was varied. The results were then compared to the absolute yield into the same
cone determined by Taschek and Hemmendinger (ref. 31) in order to find the relative ef-
ficiency as a function of neutron energy. The measured efficiency of the modified long

Modified long counter Slow counter

Ll ) e

' end plate

L —

Figure 7. - Detector geometry used at Rice University for counter-ratio threshold measurements
(refs. 29 and 30).
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counter in its position behind the slow counter is shown by the calibration points in fig-
ure 8 and is seen to decrease considerably for neutrons of energy less than 200 keV. Un-
fortunately, there are no efficiency data at these energies without the slow counter in
place. The calibration shown is subject to further uncertainty by virtue of the change in
the absolute neutron yields from the Li7(pn) reaction in the forward direction that were
found to be higher when remeasured by Gabbard et al. (ref. 23); differences in these
yields have been discussed by Gibbons and Newson (ref. 32).

The solid and dashed curves in figure 8 from 25 to 200 keV represent the shapes of
the efficiency functions required to bring the gold activation cross section data of Cox
(ref. T) and of Gibbons et al. (ref. 6) into agreement with the selected '*true'* capture
cross sections for gold. These curves are seen to lie above the calibration points shown
that were obtained by the counter-ratio method but still indicate a considerable loss in
efficiency below 200 keV. The efficiency curves merge and are continued to 1 MeV guided
by the calibration points and are extended to 4 MeV in accordance with the efficiency value
relative to that at 1 MeV cited by Bonner et al. (ref. 26).

CROSS SECTIONS FOR BORON-10
Cross sections for B10 above 10 keV are shown in figure 9. The total cross sections
are the data of Rohrer (ref. 21) to 80 keV and the data of Bockelman, et al. (ref. 33) who
called attention to maxima at 1.8 and 2. 8 MeV and to the possibility of a third maxima at
0.2 MeV. Recent total cross sections by Mooring (ref. 34) also indicate a broad maxima
near 0.2 MeV.

The B %no)Li’, Li
the indications of the modified long counter that was presumed to have a flat response.

T .7

*
data of Bichsel and Bonner (ref. 5) that are shown are based on

Because of the consistent improvement in the comparison of capture cross sections for
many elements, the efficiency curve of figure 8 derived from the shape of the gold data
of Gibbons et al. (ref. 6) appears to have validity. The solid curve for the
Blo(na)Li7, Li'”< cross section shown in figure 9 is obtained by correcting the Bichsel
and Bonner data by the estimated efficiency curve for the modified long counter as derived
from the shape of the gold data of Gibbons et al. The boron cross sections have been nor-
malized to a 1/v variation at the lower energies using 3840 b at 0. 0253 €V.

By measuring the scattering cross sections and subtracting them from the total cross
sections, Mooring (ref. 34) has determined the Blo(na)Li7, Li'
cross sections are shown in figure 9 and are seen to lie in between the reported and cor-

cross section. These

rected Bichsel and Bonner data. There are suggestions of resonance structure in the
data of Mooring near 140 and 220 keV that correspond to the 11. 60 and 11. 68 MeV levels

in Bll, respectively.

14



Cross section, b

Ep kev

Figure 9. - Cross sections for boron-10.

LG —
-
| ] o | |
| Shape from gold P Q
capture data of / ON ]
| N Y, L - @\
Gibbons (ref. 6) 1| V, o] O Modified long counter efficiency \
= ! ' ¥ — calibrated behind a slow Nu
'// counter by Brugger {ref. 30)
.6 —— O 7 Value relative to 1 MeV cited : -'Af]
by Bonner (r(‘ef.‘ZT)l ‘
20 0 60 80100 200 400 600 8001000 2000 4000
Ep keV
Figure 8. - Estimated efficiency curve for modified fong counter,
0 &
Al o I
74 a o ~
6 L\ $ & & Qg
4 S R b VN )
Fig 4.8 WW
LT R e o)
| s | i\
/ﬁ k-
a8 o SN
E
)d\
2 <, A I %
% é\
A Total - Bockelman
D
1 | O Total - Rohrer S OO(;&;']\‘
g — g Total.-7Mo7o,£|ng' o A-%\\
. T O (naif, Li ,~ Bichsel g N
6 | 4 (o, i - Mooring D éb\ﬁ% \
: ’F Q (nog)Li - Gibbons ,_<><F ® \\
v (nali’, LiT™ - Davis v AN
MR O (nog)li” - avis BN
>~ 4+ 0 (nul)Li7*- Davis B | M
o 1> | ‘ b 60%
.2 =~ d Qv\& dﬁ»‘
~ oA N
MG~ :}_:\22
— (na)Li7, L’ cross section inferred m _E N |
.1 B from gold capture data of Gibbons of! ) O
sk {ref. 6) and estimated efficiency o o E%]
L of medified long counter (ref. 5)
— — = (nag)Li” cross section obtained A J
.06 7T ]
L from (najLi’, Li* " cross sections
and branching ratio data of 11. 60 11. 68 11.85 11. 94 13,16 14.0
04 Macklin and Gibbons (ref. 35) ’ L 5 o I
’ ] | Levels in B**, MeV
10 20 40 60 8 100 200 400 600 800 1000 2000

L
4000 6000 800010 000

15



A separate curve is shown from 10 keV to 1 MeV for the cross section for
Blo(na O)Li'7 obtained from the corrected Bichsel and Bonner data by employing the recent
branching ratio measurements of Macklin and Gibbons (ref. 35). This curve for
Blo(nozo)Li'7 clearly shows level structure at 140 and 530 keV and is in remarkably good
agreement with the point values of Gibbons and Macklin (ref. 36). These point values of
the Blo(na O)Li7 cross section were calculated by Gibbons and Macklin (ref. 36) from
reciprocity using the integral Li?(an)BlO cross section measurements made with the
large 47 graphite spherical detector. These results for Li7(an)B10 indicated a smoothly
increasing cross section from threshold at 4. 38 MeV to a peak at 5.15 MeV. However,
the differential measurements of Li7(ozn)B10 in the forward direction made by Bichsel
and Bonner (ref. 5) and repeated recently by Mehta et al. (ref. 37) indicate the cross sec-
tion to rise from threshold and to exhibit a significant peak in the neighborhood of 4. TMeV
before rising to the peak at 5.15 MeV. Therefore, these differential data suggest reso-
nance structure at alpha particle energies near 4. 7 MeV, which corresponds to the level
in B11 at 11. 68 MeV. As Bichsel has suggested, the B1%(na)Li’, Li*" cross section de-
viations from the 1/v law can be attributed either to a possible level in B11 at
11. 60 MeV or to the level in B! at 11. 68 MeV or both. The 11. 60 MeV level was seen
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800 : (ref. 6) and estimated efficiency of modified long counter (ref. 5
\ — — — (na)Li7, LiT* cross section given by 611/yE,
BYR" E\ N
il AdINAEIN
—% 600 (;— lr— I.':l =T = =TT T T
: ¢ ol |4 lﬂf [ el L \\
P
oo, | | 1 Bl N
g *% |4l N
3 D, O © 00 ® N
@ O l D o o) o \
g 4 ? o) S
S I
(o] [0 \
0 "~
3m O(\
O
o® Cg
T 00 og
200
11.60 11.68 11.85 11. 94
100 | | |LevelsinBLL, Mev , )
0 100 200 300 400 500 600 700 800 900 1000
E, kev

Figure 10, - Comparison of reduced Blo(na)Li7, L™ cross sections.
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by Bichsel and Bonner in their Li (aa')Li'

energy of 140 keV in the B10 + n system. The 11.68 MeV level is seen as the broad
resonance at 4.7 MeV in the Li7(o¢n)B10 measurements in the forward direction and cor-
responds to a channel energy of 220 keV in the B10 +n system.

Also shown in figure 9 are the cross sections for Blo(naO)Li7 and Blo(nal)Li7* as
measured by Davis et al (ref. 38) who used a grid-type ionization chamber filled with
BlOF3 and argon and performed a pulse-height spectrum analysis. Illustrative spectra
presented by Davis for neutron energies at 3. 52 and 7. 67 MeV show clearly the separa-
tion of groups corresponding to (nao) and (nal) for both incident neutrons and for slow
epithermal background neutrons. However, as incident neutron energies are reduced to
the region below 1 MeV, the separation of the various groups from the background be-
comes more difficult. The group corresponding to (na 0) is least affected by background,
but as seen in figure 9, the cross sections fall considerably below the calculated (nao)
data of Gibbons and Macklin (ref. 36). This difference is perhaps an indication of back-
ground eifects at the lower incident neutron energies. These background effects are ex-

measurements and corresponds to a channel

pected to be even greater for the (nal) group. This is apparent from the summed
(nao + ng 1) data of Davis which is seen to lie increasingly below the corrected Bichsel
and Bonner data for energies below 3 MeV where cross sections are in agreement.

The energy variations in the boron cross sections below 1 MeV are more clearly
shown in figure 10 in which the cross sections have been reduced by multiplying by the
square root of the neutron energy. The reported data of Bichsel and Bonner (ref. 5) and
the values adjusted by the estimated efficiency of the modified long counter that was used
are shown. The recent data of Mooring (ref. 34) lie in between the values shown. Reso-
nances corresponding to the 11.60, 11. 68, 11.85, and 11.94 MeV levels in B! are ap-
parent. The resonance at a neutron energy of 140 keV is particularly prominent in the
corrected cross section curve and introduces a significant departure from a 1/v varia-
tion above ~80 keV.

SUMMARY OF RESULTS

An explanation is offered for disagreements in capture cross sections for gold and
other elements in the energy range from 20 to 200 keV. It is shown that the differences
for gold capture cross sections that have been measured relative to boron cross sections
are reconciled by physically plausible changes in the Blo(na)Li7, Li7* cross sections that
are consistent with known resonance structure. The changes in boron cross sections are
found to improve considerably the agreement of capture data for many elements; the ef-
fects on capture cross sections are illustrated for iodine, indium, silver, antimony, and

tantalum. Reexamination of the Blo(na)Li7, Li'* measurements discloses that a modified
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long counter with a considerable loss in efficiency below 200 keV had been used, but its
response had been taken to be flat. The shape and magnitude changes in the boron cross
sections that are required to remove the discrepancies for gold and other elements are
found to agree reasonably with changes that result when the approximate efficiency of the
modified long counter is considered. The corrected Blo(na)Li7, Li7)|< cross sections
depart significantly from a 1/v variation above ~80 keV. The application of recent
branching ratio measurements to the corrected data provides values of Blo(non)Li'7 Cross
sections in very good agreement with values previously calculated from reciprocity using
Li'(an)B1O data.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 9, 1966.
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